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Abstract
To investigate in vitro myofilament sliding in conditions close to those in muscle fibers, we developed a new assay
 .system in which a polystyrene bead diameter, 4 mm; specific gravity, 1.3 , with a single to a few thick filaments of a
 .molluscan smooth muscle attached, was made to slide along actin filament arrays actin cables in the internodal cell of an
alga, mounted on the rotor of a centrifuge microscope. The bead moving along actin cables in the presence of ATP was
 .subjected to centrifugal forces either opposite to the bead movement positive loads or in the same direction as the bead
 .movement negative loads . With positive loads increasing from zero to the maximum isometric force P , the velocity of0
bead movement decreased gradually to zero, exhibiting the hyperbolic force-velocity relation except for loads above 0.8 P .0
With further increase of positive loads above P , the bead was forced to move in the direction of centrifugal force, being0
eventually detached from actin cables at a load of ;1.4 P . These features are very similar to the force-velocity relation in0
intact single muscle fibers. With negative loads increasing from zero to a certain value, on the other hand, the bead moved
 .faster than the maximum unloaded velocity 1.5–3.5 mmrs, 20–258C , until it was eventually detached from actin cables.
These results indicate that our assay system is extremely promising for future combined biochemical and physiological
studies on the mechanism of muscle contraction.
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1. Introduction
Although recent development of techniques for in
vitro motility assay experiments has made it possible
to deal with force and displacement, which may
result from interaction between a single or a few
 .myosin molecules or their fragments and a single
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w xactin filament 1–3 , the interpretation of the results
obtained is controversial due to a number of uncon-
trollable factors, including thermal noise of the probe
and orientation of myosin molecules interacting with
actin, as well as a number of uncertain assumptions.
In addition, actin-myosin sliding in the above assay
systems takes place against the compliance of an
optical trap or a microneedle, so that the load on the
actin-myosin contact increases as the sliding pro-
 .gresses auxotonic condition and the actin-myosin
sliding may be partly absorbed by compliant ele-
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ments in a load-dependent manner. In the field of
muscle physiology, most basic characteristics of con-
tracting muscle, e.g., force-velocity and force-energy
w xrelations 4 , have been obtained from myofilament
sliding under constant external loads isotonic condi-
.tions . Though the interpretation of the force-velocity
data is also based on a number of assumptions, it
seems desirable to perform in vitro motility assay
experiments, in which a limited number of myosin
molecules interacting with actin are subjected to con-
stant external loads, to obtain results which are read-
ily compared with the muscle contraction character-
istics. For the reasons stated above, we constructed
an in vitro motility assay system, in which myosin-
coated polystyrene beads, moving along actin fila-
 .ment arrays actin cables in giant algal cells, were
subjected to constant centrifugal forces serving as
w xexternal loads 5 . Though we obtained steady-state
force-velocity relation of the ATP-dependent actin-
myosin sliding analogous to that for contracting mus-
cle fibers, this system was not free from uncertainties
concerning the orientation of myosin molecules on
the bead.
Concerning functional bipolarity of muscle thick
filaments, it has been shown that, when actin fila-
ments slide along a single thick filament, the sliding
velocity is much faster when they move toward the
center of the filament than they move away from the
w xcenter 6,7 . This finding indicates that, to give cor-
rect information about actin-myosin sliding actually
taking place in muscle fibers, it is necessary to
perform in vitro motility assay experiments with cor-
rectly oriented myosin molecules. In the present ex-
periments, we have constructed a new in vitro motil-
ity assay system, in which a polystyrene bead, with a
single to a few native thick filaments attached, was
made to slide along actin cables in giant algal cells,
mounted on the rotor of a centrifuge microscope, and
subjected to centrifugal forces opposite to positive
.  .loads , or in the same direction as negative loads ,
the bead movement. It is shown that the steady state
force-velocity relation of ATP-dependent actin-
myosin sliding for positive loads ranging from zero
to the maximum isometric force P is hyperbolic in0
shape except for loads above 0.8 P , as has been the0
w xcase in contracting muscle fibers 8 ; with further
increase of positive loads above P , the bead is0
forced to move in the direction of centrifugal force,
being eventually detached from actin cables at a load
of ;1.4 P . These features are remarkably similar to0
the force-velocity characteristics of contracting mus-
cle fibers. With negative loads, on the other hand, the
velocity of bead movement increases above the maxi-
mum unloaded velocity V , until it is eventuallymax
detached from actin cables, in contrast with our
previous experiments, in which the sliding velocity of
myosin-coated beads is slowed down with negative
w xloads 5 .
2. Materials and methods
2.1. Preparation of the thick-filament-attached beads
Native thick filaments were isolated from the ante-
 .rior byssal retractor muscle ABRM of a mussel
w xMytilus edulis by the method of Yamada et al. 6 ,
except that the ABRM fibers were homogenized in
y6  .the presence of 10 M 5-hydroxytryptamine 5-HT
to keep the fibers relaxed. This was effective in
isolating thick filaments from the ABRM fibers with-
out damage. The isolated thick filaments length,
.10–20 mm were suspended in a low ionic strength
buffer containing 1 mM MgCl , 0.2 mM EGTA, 0.52
 . mM dithiothreitol DTT , 2 mM PIPES-KOH pH
.7.0 at the protein concentration of ;1 mgrml, and
mixed with an equal volume of glycerol to be stored
at y208C. The thick filament suspension was used
within three days after preparation.
Polystyrene beads Dynabeads, Dynal, Oslo; diam-
.eter, 4.0 mm, specific gravity, 1.3 were incubated in
a 0.4 N KOH solution containing poly-L-lysine
 .Sigma; 5 mgrml at 08C overnight, and centrifuga-
 .tion 5000=g and resuspension in 1 mM PIPES-
 .KOH solution pH 7.0 was repeated several times to
the final bead concentration of 3=105rml. The
thick filament solution was centrifuged at 5000=g
for 30 min to precipitate the thick filaments, which
were resuspended in 1 mM PIPES-KOH at the pro-
tein concentration of 1 mgrml, and then mixed with
the above bead suspension at various volume ratios
 .from 1:5 to 1:20 to be incubated on ice for 3 h. The
thick filament-bead mixture was centrifuged at 5000
=g for 5 min to obtain the beads with a single to a
few thick filaments attached, when observed under a
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w x light microscope with dark-field illumination 9 Fig.
.1, inset .
2.2. Motility assay system
The centrifuge microscope and the video recording
w xsystem have been described elsewhere 5 . Briefly, it
consisted of a light microscope, a rotor diameter, 16
. cm that can be rotated at 250–5000 rpm 4–1900=
. g , and a stroboscopic light source Xenon lamp
.flash; duration, ;180 ns . Video-enhanced contrast
image of the specimen placed in the centrifuge cu-
 .vette 33=20=1 mm deep was obtained with a
video camera Hamamatsu Photonics, Hamamatsu,
.Japan: C-2847 , and recorded with a video cassette
 .recorder Sony, Tokyo, Japan; VO-9600 at 30
framesrs. The position of a metal piece at the rotor
edge opposite to the cuvette was sensed by a position
sensor to generate an electrical pulse to trigger the
Xenon lamp and to be fed to a pulse counter monitor-
 .ing the rate of rotor rotation Fig. 1 .
The green alga Chara corallina was cultured by
w xthe method of Shimmen and Yano 10 , and intern-
 .odal cells diameter, ;0.5 mm; length 10–15 cm
were isolated from neighboring cells. A single intern-
odal cell was cut open at both ends, and perfused first
with a washing solution containing 190 mM sorbitol,
5 mM MgCl , 5 mM ATP, 2 mM EGTA, 0.5 mM2
 .DTT and 30 mM PIPES-KOH pH 7.0 , and then
with an activating solution prepared by adding 2.1
mM CaCl to fully activate ATPase activity of the2
w xABRM thick filaments 6 . The thick-filament-at-
tached beads were suspended in the activating solu-
tion, and introduced into the internodal cell at the late
stage of perfusion. Then the internodal cell segment
 .length, ;1 cm , containing the thick filament-at-
tached beads, was ligated at both ends and was put
into the centrifuge cuvette filled with artificial pond
w xwater 10 , in such a way that its chloroplast rows,
along which actin cables extended straight, were
 .parallel to the direction of centrifugal force Fig. 1 .
2.3. Experimental procedures and data analysis
The unidirectional bead movement along actin ca-
bles was observed with a Nikon LWD 40= dry
 .objective n.a., 0.55 and a Nikon LWD condenser
 .n.a. 0.65 . Attention was only focused on the beads
Fig. 1. Diagram of the experimental arrangement. The internodal cell segment containing the thick filament-attached beads is placed in
the cuvette on the rotor of the centrifuge microscope. The beads moving along actin cables are subjected to centrifugal forces serving as
positive or negative loads. For further explanation, see text. Inset shows a thick filament-attached bead under dark-field illumination. A
single thick filament is seen to extend to the left side of the bead. The bead looks oval in shape because it is out of focus in the
microscopic field with intense reflection of light. Scale bar, 10 mm.
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that moved smoothly over many seconds under both
unloaded and loaded conditions. The internodal cell
segment did not move appreciably by the centrifugal
forces, as its one end was pushed to the tapered inner
wall of the cuvette. The amount of centrifugal force
 .s load F on the bead is given by:
FsDrPVrv 2 ,
where Dr is the difference in density between the
 .bead and the surrounding medium 0.3 , V is the
 3.bead volume 33.5 mm , r is the effective radius of
centrifugation, and v is the angular velocity of the
rotor. In the present study, the load on the bead was
 .varied in two different ways. 1 Constant external
loads ranging from zero to P were applied to the0
bead in a random order by changing the supply
voltage to the motor rotating the rotor. The bead was
made to move under a constant external load for
more than 20 s, and the velocity of bead movement
was determined on replay from the video cassette
recorder, the changes in position of the bead being
measured from frame to frame on the monitor screen
 . w x  .accuracy, -0.5 mm 5 . 2 The amount of external
load was gradually increased from zero to more than
P by supplying linearly increasing voltages dura-0
.tion, )100 s to the motor. Though the load was
continuously increasing with time, approximate ve-
locity of bead movement around a given load could
be estimated from the slope of the bead movement
determined by frame-to-frame measurements of bead
position. All experiments were performed at room
 .temperature 20–258C .
3. Results
3.1. Mo˝ement of the thick-filament-attached beads
on actin cables under positi˝e loads FP0
The thick-filament-attached beads were observed
to move along actin cables in one direction deter-
w xmined by the actin filament polarity 5,11 . When the
beads were subjected to constant centrifugal forces
directed opposite to the bead movement positive
.loads , they continued to move on actin cables for
many seconds with constant velocities. As shown in
Fig. 2, the velocity of bead movement decreased with
increasing amount of positive loads; when the load
Fig. 2. Constant velocity movements of a thick filament-attached
bead on actin cables under four different amounts of positive
 .load. The amount of load s force on the bead is expressed
relative to P . Regression lines were drawn by the least-squares0
method. The amount of P was 32.5 pN.0
eventually reached the maximum ‘isometric’ force
generated by the myosin molecules on the filament,
the beads stopped moving to stay at the same position
at least for 10 s. These features were similar to those
w xof myosin-coated beads moving on actin cables 5 ,
indicating the establishment of a definite steady-state
 .relation between the force s load generated by the
myosin heads interacting with actin cables and the
velocity of the actin-myosin sliding.
Histograms showing the distribution of the maxi-
 .mum unloaded velocity of bead movement V andmax
 .the maximum ‘isometric’ force P are presented in0
Fig. 3. The value of V measured in the presentmax
 .study was 2.3"0.3 mmrs mean"S.D., ns22 ,
 .while the value of P was 27.0"6.1 pN ns16 .0
The V in the present study was much higher thanmax
 . w xthat of Yamada et al. ;0.8 mmrs 6 , suggesting
that our use of 5-HT was effective in keeping the
ABRM fibers relaxed during the isolation of the thick
filaments, thus avoiding damage to the thick fila-
ments when they were forcibly detached from the
thin filaments.
3.2. Steady-state relation between the force and the
˝elocity of bead mo˝ement for positi˝e loads FP0
The steady-state force-velocity relation of the
thick-filament-attached bead versus actin cable slid-
ing was studied by applying various constant positive
loads FP to a bead moving along actin cables in a0
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Fig. 3. Histograms showing distribution of the maximum un-
 .loaded velocity V A and the maximum ‘isometric’ force Pmax 0
 .B of the bead movement.
random order and measuring the corresponding ve-
locities of bead movement.
The results obtained are summarized in Fig. 4. Fig.
4A is an example of the force-velocity curve obtained
from a thick-filament-attached bead moving along
actin cables, while Fig. 4B is the force-velocity curve
constructed from eight different force-velocity data
sets. Despite the random order with which different
loads were applied, the data points were found to
 .distribute close to a hyperbola arP ;0.4 in the0
force range from zero to 0.8 P ; in the force range0
above 0.8 P , the data points fell below the hyper-0
bola. The above features of the force-velocity relation
are essentially the same as those for tetanized single
w xmuscle fibers 8 , indicating that our assay system
well retains the contraction characteristics of intact
muscle fibers.
Since the polarity of the thick filaments is reversed
across the center of the filament, the bead movement
produced by correctly oriented myosin molecules
might in some cases be opposed by incorrectly ori-
ented ones. As both the velocity and force of the
filament sliding is about one order of magnitude
larger with correctly oriented myosin molecules than
w xwith incorrectly oriented ones 2,6,7 , the influence of
the latter myosin molecules may not affect the pre-
sent force-velocity characteristics seriously, if at all.
3.3. Response of the beads to positi˝e loads )P0
Tetanized muscle fibers are known to be length-
ened when subjected to loads )P , i.e., the filament0
Fig. 4. Steady-state force-velocity relations of the bead move-
 .ment, obtained by applying constant positive loads F P . A An0
example of the force-velocity curve obtained from a thick fila-
ment-attached bead subjected to various positive loads in a
 .random order. B Force-velocity curve constructed from eight
 .different force-velocity data sets. The velocity and force s load
are expressed relative to V and P , respectively. In this andmax 0
subsequent figures, the data points represent mean values and
vertical bars denote S.E.M. The S.E.M. for the forces were
smaller than width of symbols. In both A and B, solid line is
fitted to a hyperbola by the non-linear least-squares method,
while the dashed line is drawn by eye.
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Fig. 5. Non-steady force-velocity relation of the bead movement
in response to a gradual increase in the amount of positive load
from zero to above P in ;100 s. The curve was constructed0
from six different data sets. Note the reversal in the direction of
the bead movement under positive loads above P .0
is made to slide in the direction opposite to that of
w xshortening 12,13 . In the present work, we first
attempted to study the response of the beads when
suddenly subjected to a positive load )P , but this0
was found to be difficult because of the tendency of
the beads to detach from actin cables in response to a
sudden increase of load above P . We therefore0
gradually increased the amount of positive load from
 .zero to beyond P in ;100 s to examine whether0
the direction of the bead movement is reversed under
loads above P .0
The force-velocity curve for the force range from
zero to above P , constructed from six different0
experiments, are shown in Fig. 5. The velocity of
bead movement decreased from V to a certainmax
value as the amount of positive load was gradually
increased from zero to 0.8 P . In this force range, the0
data points also distributed close to the hyperbola
 .arP ;0.8 , though its curvature was much less0
than that of the steady-state force-velocity curve Fig.
.4 . This indicates that, in the above experimental
condition, the steady-state force-velocity relation is
not established, though the load is increased gradu-
ally to 0.8 P in ;100 s. With further increase of0
load above 0.8 P , the velocity of bead movement0
fell abruptly to zero at P , and then started moving in0
the opposite direction with velocities increasing
steeply with increasing amount of load above P .0
The beads were eventually detached from actin ca-
 .bles at a load of 33.1"8.5 pN ns6 , which roughly
corresponded to 1.4 P . These results constitute the0
first example of the ‘backward’ actin-myosin sliding
with loads )P , though the force-velocity data are0
arbitrary depending on the rate of increase in load. In
a few experiments, we increased the load at slower
 .rates from zero to )P in 2–3 min ; though the0
force-velocity curves with loads FP were close to0
those shown in Fig. 4, the beads tended to detach
from actin cables at loads slightly above P , indicat-0
ing unstable nature of the ‘backward’ actin-myosin
sliding.
3.4. Steady-state force-˝elocity relation for negati˝e
loads
When the beads moving on actin cables were
subjected to constant centrifugal forces in the same
direction as that of the bead movement negative
.loads , the bead moved with constant velocities which
increased beyond V with increasing amount ofmax
negative load, as shown in Fig. 6. The steady-state
force-velocity curve for negative loads was con-
structed from six different force-velocity data sets,
Fig. 6. Constant velocity movement of a thick filament-attached
bead along actin cables under three different negative loads.
Regression lines were drawn by the least-squares method. The
amount of P was 37.5 pN.0
( )N. Ishii et al.rBiochimica et Biophysica Acta 1319 1997 155–162 161
Fig. 7. Steady-state force-velocity relation of the bead movement,
obtained by applying constant negative loads in a random order.
The curve, constructed from six different force-velocity data sets,
 .was drawn by eye. The amount of load s force on the bead is
expressed relative to Pd, i.e., the force at which the bead was
detached from actin cables.
and is presented in Fig. 7. The velocity of bead
movement increased up to three times V , until themax
bead was eventually detached from actin cables at a
 .negative load of 30.5"10.5 pN ns11 .
It is of interest to note that the critical load s
.force with which the beads are detached from actin
cables is nearly the same irrespective of the direction
of centrifugal force relative to the bead movement
33.1 pN for positive loads and 30.5 for negative
.loads .
4. Discussion
The hyperbolic steady-state force-velocity relation
 .obtained in the present study Fig. 4 was essentially
the same as that for tetanized muscle fibers, including
deviation from the hyperbola for the loads )0.8 P0
w x8 . Recent in vitro motility assay experiments sug-
gest that the time-averaged force generated by a
w xcorrectly oriented myosin head is ;2 pN 14 . On
this basis, the observed bead movement was pro-
duced by 8–20 myosin heads or 4–10 myosin
molecules on the thick filament. The extremely small
number of myosin molecules involved in the bead
movement, compared to ; 2.5 = 108 myosin
molecules generating an isometric force of 10y3 N in
each half sarcomere of a single muscle fiber, suggests
an interesting possibility that the hyperbolic force-
velocity relation might largely reflect load-dependent
kinetic properties in each myosin molecule, including
changes in amplitude of powerstroke and rate of
detachment from actin, rather than the change in the
number of myosin molecules, though further discus-
sion is impractical at the present stage.
When the amount of positive loads was gradually
increased above P , we could observe the reversal in0
 .the direction of the bead movement Fig. 5 , a phe-
nomenon comparable to isotonic lengthening of mus-
w xcle fibers under loads above P 12,13 . As already0
mentioned in Section 3, the force-velocity relation in
Fig. 5 is not the steady-state relation, and its shape is
somewhat arbitrary depending on the rate of load
increase. Nevertheless, it is of interest that our assay
system enables us to study the reversal in the direc-
tion of filament sliding with loads above P , since0
this phenomenon is associated with ‘work absorp-
tion’ when antagonistic muscles operate in the animal
body. The detachment of the thick filaments from
actin cables under a load of ;1.4 P may corre-0
 .spond to a rapid lengthening give of muscle fibers
w xat a load of 1.6–1.8 P 12,13 . The above similarity0
of the response to loads above P between the0
present assay system and muscle fibers clearly indi-
cates that the work absorption by the sliding fila-
ments, which is as important as the work production
in muscle, can occur without three-dimensional my-
ofilament-lattice structure. Unlike the velocity of iso-
tonic shortening, the velocity of isotonic lengthening
in muscle fibers is not uniquely determined by a
given amount of load, but varies according to the
w xsequence with which the load is attained 13,17 . This
may be consistent with the unstable ‘backward’ bead
movement with P)P in the present study.0
A most marked difference between the present
experiments and the experiments with myosin-coated
w xbeads sliding on actin cables 5 is that negative loads
increased the velocity of thick filament-attached bead
 .movement above V Figs. 6 and 7 while theymax
decreased the velocity of myosin-coated bead move-
w xment below V 5 . The decrease in the velocity ofmax
myosin-coated bead movement under negative loads
w x5 may have resulted from the random orientation of
w xmyosin filaments on the bead 15 as well as the
complex effect of negative loads on them. The in-
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crease in the velocity of thick filament-attached bead
movement under negative loads is apparently consis-
w xtent with the result obtained by Edman 16 that, if a
tetanized muscle fiber is allowed to shorten from
stretched length, i.e., in the presence of ‘com-
pressing’ force of parallel elasticity, the shortening
velocity as measured by the slack test method in-
creases steeply above V with increasing amount ofmax
previous stretch. It should, however, be noted that, in
the Edman’s experiments, elastic recoil of the parallel
elasticity is involved in the measurement of shorten-
ing velocity, and that the ‘compressing’ force is not
constant during the course of shortening, but de-
creases rapidly as the fiber shortens. In the present
study, on the other hand, the amount of negative load
is controlled to be constant, and the steady-state
relation also holds between the velocity of bead
 .movement and the amount of negative load Fig. 6 .
Though it is tempting to consider the sigmoidal shape
of the steady-state force-velocity relation for negative
 .loads in the present study Fig. 7 in terms of the
influence of negative loads on the actin-myosin inter-
action coupled with ATP hydrolysis, it seems prema-
ture to make detailed considerations at the present
stage.
The ABRM thick filament consists of a paramyosin
filament and myosin molecules bound to it myosin-
. w xparamyosin core complex 18 . The ABRM myosin
molecules around the paramyosin filament can read-
ily be exchanged with myosin molecules isolated
w xfrom rabbit skeletal muscle 19 or with those isolated
w xfrom a slime mold Dictyostelium 20 , which has
w xbeen used to prepare various mutant myosins 21 .
Our motility assay system is, therefore, extremely
promising for future combined biochemical and
physiological studies, in which the ABRM myosin
bound to the paramyosin filament is replaced by
various skeletal muscle myosins after chemical modi-
fication or by various Dictyostelium mutant myosins
to examine functions of myosin molecule domains
related to basic contraction characteristics. Experi-
ments are currently going on in our laboratory to
prepare various Dictyostelium mutant myosin-para-
myosin core complex to examine characteristics of
sliding between the mutant myosins and actin cables
using our assay system.
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